We investigated the stability of the supercooled liquid in Zr-based glassy alloys by examination of their transformation behavior. The primary phase is an fcc Zr 2 Ni phase in a Zr 65 Al 7.5 Ni 10 Cu 17.5 glassy alloy with high glass-forming ability (GFA). By substitution of Ag, Pd, Au or Pt for only 1 at%Cu, an icosahedral quasicrystalline phase (I-phase) precipitates with the fcc Zr 2 Ni phase. The primary phase changes to the single I-phase at higher noble metal contents. It is further found that the I-phase precipitates by a small amount of substitution for Cu with other elements as well as the noble metals, which have a weak or positive chemical affinity with one of the constitutional elements in the Zr-Al-Ni-Cu glassy alloy. Thus, the slight deviation from the three component rules for high GFA is effective for the I-phase formation. The I-phase is also formed as a primary phase in the Zr 65+y Al 7.5 Ni 10 Cu 17.5−y (y = 1-7) glassy alloys. A slight change in the composition has the similar effect as the addition of element such as noble metals and so on. An icosahedron is contained as a structure unit in the fcc Zr 2 Ni and I-phases and hence the glassy structure is correlated with the local icosahedral atomic configuration. The high-resolution transmission electron microscopy image of the Zr 70 Al 7.5 Ni 10 Cu 12.5 glassy alloy reveals a possibility of the existence of the icosahedral ordered regions. It is therefore, concluded that the icosahedral short-or medium-range order exists in the supercooled liquid as well as in the glassy phase and it stabilizes the supercooled liquid state in the Zr-based alloys. An I-phase also precipitates as a primary phase by substituting Pd, Au or Pt for only 1 at%Cu in the Zr 70 Cu 30 glassy alloy. From these results, the appearance of the supercooled liquid region is attributed to the existence of the icosahedral atomic configuration consisting of Zr and Cu.
Introduction
Recent discoveries of a number of bulk glassy alloys with high GFA in Zr-based multicomponent alloy systems [1] [2] [3] have attracted much attention in the aspects of scientific interests in a high stability of glassy state as well as industrial applications. 4) Among Zr-Al-TM (TM = transition metals) alloy systems, the Zr 65 Al 7.5 Ni 10 Cu 17.5 glassy alloy has an extremely high GFA as is evidenced by the largest value of the supercooled liquid region which is defined as the temperature interval between glass transition temperature, T g and crystallization temperature, T x .
5) The stable supercooled liquid state contributes to the production of bulk glassy alloy. It is suggested that the stability of the supercooled liquid state is strongly correlated with their local structure. 6, 7) Very recently, the precipitation of an I-phase was reported in the Zr 65 Al 7.5 Ni 10 Cu 17.5 glassy alloy by addition of 5 to 10 at% noble metal substituted for the Cu element. [8] [9] [10] The I-phase has a fine grain size in the diameter less than approximately 50 nm, which exhibits a high nucleation rate. The authors have reported the I-phase formation by addition of other elements such as V, Nb, Ta and Mo, which have positive or nearly zero mixing enthalpies against major constituent elements in the Zr-Al-Ni-Cu alloy. 11, 12) It is interpreted that the I-phase can be formed by deviating the three component rules for high GFA in the Zr-based multicomponent alloy, which are described as: (1) multicomponent systems consisting of more than three elements; (2) significant difference in atomic size ratios above about 12% among the three main constituent elements; and (3) negative heats of mixing among the three * Corresponding author: E-mail address: jsaida@sendai.jst.go.jp main constituent elements. 13) These discoveries also imply the correlation between the local icosahedral order and the high thermal stability of supercooled liquid state. 14) In the recent studies, 15) it was revealed that ordered regions exist in the glassy state of the Zr 54.5 Ti 7.5 Cu 20 Ni 8 Al 10 multicomponent alloy. However, the ordered regions were too small to identify their structure.
In this paper, we investigate the stability of the supercooled liquid state in Zr-Al-Ni-Cu glassy alloys by the detailed examination of the transformation behavior. Especially, we have focused on the structure of the primary phase, which reflects the local structure in the glassy or supercooled liquid state. From these studies, we intend to clarify the dominant factor for high GFA and high stability of supercooled liquid state in the Zr-based glassy alloy.
Experimental Procedure
Melt-spun Zr 65+y Al 7.5 Ni 10 Cu 17.5−y (y = 0 to 9) alloys with a cross section of 0.03 × 1 mm 2 were produced from alloy ingots prepared by arc melting high-purity metals of 99.9 mass%Zr, 99.999 mass%Al, 99.9 mass%Ni and 99.999 mass%Cu. The alloy ribbons substituting Ag, Pd, Au or Pt for 1 to 4 at%Cu in the Zr 65 Al 7.5 Ni 10 Cu 17.5 alloy were also prepared. The alloy compositions represent nominal atomic percentages and the sample preparation was carried out in a purified argon atmosphere. Thermal properties were measured by differential scanning calorimetry (DSC) at a heating rate of 0.67 Ks −1 . The samples were annealed in the DSC cell in an argon atmosphere at a heating rate of 1.67 Ks −1 . The annealed structure was examined by X-ray diffractometry with Cu-Kα radiation and field-emission transmission electron microscopy (FE-TEM) with an accelerating voltage of 300 kV (JEOL JEM-3000F). The sample for TEM observation was prepared by the ion milling technique. The compositional analysis was performed by nanobeam energy dispersive X-ray spectroscopy (EDX) with a beam diameter of approximately 5 nm. The observation of an ordered region was performed for the as-spun Zr 70 Al 7.5 Ni 10 Cu 12.5 alloy using a high-resolution transmission electron microscope (HREM). The sample for HREM was cooled with liquid nitrogen during ion milling. The oxygen content of the as-quenched ribbon samples was analyzed to be less than 800 mass ppm by inductively coupled plasma spectroscopy, where the influence of oxygen impurity on the transformation behavior can be disregarded. 16) 3. Results Figure 1 Fig. 3 . Two types of particles are observed in Figs. 3(a) and (c). The particles in Fig. 3 (a) have a dendrite structure in the diameter range of 200 to 1000 nm in the glassy matrix. The SADP taken from the precipitated particles shown in Fig. 3(b) clearly indicates the quasiperiodic twofold axis, which is identified as an I-phase. In contrast, nearly cuboid particles in the diameter of approximately 500 nm are also observed in the glassy matrix in Fig.  3(c 
Change in transformation behavior by addition of noble metal

Formation factor for the I-phase in Zr-based glassy alloy
It is well known that the noble metal has a weak or positive chemical affinity with Cu and Ni.
18) The addition of noble metal in the Zr-Al-Ni-Cu glassy alloy is recognized as the deviation from the three component rules for high GFA. One can, therefore expect the formation of I-phase by addition of a small amount of element except noble metal which has a weak or positive mixing enthalpy with one of the constitutional elements in the Zr-Al-Ni-Cu glassy alloy. Figure 7 shows the XRD patterns of the samples annealed for 120 s at T x in the Zr 65 Al 7.5 Ni 10 Cu 17.5−x Ta x (x = 1 to 4) alloys. In the 1 at%Ta-containing alloy, the primary phase is an fcc Zr 2 Ni as a main phase accompanying the weak peak corresponding to the I-phase. It is realized as the same results as those with the noble metal addition in the Zr 65 Al 7.5 Ni 10 Cu 17.5 glassy alloy. In the 2 at%Ta alloy, the I-phase is observed as a main precipitation phase together with a small amount of the fcc Zr 2 Ni phase. Subsequently, it is found that only the I-phase is formed as a primary phase in the alloys with Ta contents above 3 at%. Thus, it is found that the main precipitates change drastically from the fcc Zr 2 Ni phase to the I-phase with increasing Ta content. The additional elements for the I-phase formation in the Zr-Al-Ni-Cu glassy alloy are summarized in Table 1 . 8, 9, 11, 12, [19] [20] [21] [22] [23] [24] The table contains the atomic radius and mixing enthalpies with Zr, Al, Ni and Cu of the additional elements. It is found that all additional elements have weak or positive mixing enthalpies with one constitutional element at least in Zr-Al-Ni-Cu glassy alloy. These results indicate that the slight deviation from the three component rules is very effective for the I-phase formation.
There is a possibility that an I-phase is precipitated by the slight change of the alloy composition with high GFA instead of addition of the element deviated from the three component rules. Figure 8 shows DSC curves of the melt-spun Zr 65+y Al 7.5 Ni 10 Cu 17.5−y (y = 0 to 9) glassy alloys. A single sharp exothermic peak is clearly seen after the glass transition at y = 0 to 3. Although the peak temperature of the first sharp exothermic reaction decreases with increasing Zr content, the supercooled liquid region defined by the temperature interval between the glass transition temperature T g and crystallization temperature, T x , is almost constant at approximately 110 K. The first sharp exothermic reaction is divided into two peaks above y = 5 accompanying a significant decrease in the supercooled liquid region. In order to examine the primary phase crystallized from the glassy state, the glassy alloy ribbons were annealed at T x . Figure 9 shows XRD patterns of the samples annealed for 120 s at T x . Mixture phases of fcc Zr 2 Ni, Zr 2 Cu and Zr 6 NiAl 2 are formed at y = 0. It is reported that the nearly single fcc Zr 2 Ni phase is precipitated as the primary phase in the Zr 65 Al 7.5 Ni 10 Cu 17.5 glassy alloy annealed for 30 s at 740 K as shown in Fig. 2 . It is, therefore recognized that the Zr 2 Cu and Zr 6 NiAl 2 phases appear immediately after the precipitation of the fcc Zr 2 Ni phase. A weak diffraction peak corresponding to an I-phase is observed in addition to the mixture phases of fcc Zr 2 Ni, Zr 2 Cu and Zr 6 NiAl 2 at y = 1. Subsequently, the primary phase changes to the single I-phase in the range of y = 3 to 5. The intensity of diffraction peaks corresponding to the I-phase decreases significantly and the bcc Zr phase is precipitated above y = 7. Finally, no I-phase is observed at y = 9. Bright-field TEM image and SADP of the Zr 70 Al 7.5 Ni 10 Cu 12.5 (y = 5) alloy annealed for 60 s at 710 K are shown in Figs. 10(a) and (b), respectively. Dendritic particle with a diameter of approximately 2000 nm is observed in the bright-field image. The number of the precipitated particle is very few, which implies low nucleation rate and/or large grain growth rate. The SADP clearly reveals a fivefold symmetry, which is characterized as the icosahedral structure.
It is concluded that the slight deviation from the three component rules for high GFA by either addition of the element with a weak or positive chemical affinity with one of the constitutional elements or a change from the alloy composition with high GFA, is an important factor for the formation of the I-phase in the Zr-based glassy alloy. 
Discussion
Effect of noble metal on transformation from glassy to I-phase
The effect of noble metal on the transformation behavior from the glassy to I-phase is examined. Figure  11 shows the change in DSC curves of the melt-spun Zr 65 Al 7.5 Ni 10 Cu 17.5−x Pd x (x = 0 to 4) glassy alloys. As shown in Fig. 4 , the primary phase changes drastically from the fcc Zr 2 Ni to I-phase with increasing Pd content. Corresponding to the change in the primary phase, the crystallization reaction changes from a sharp single exothermic peak into more than two peaks and the temperature gap between the two exothermic peaks increases with increasing Pd con- tent. The first exothermic reaction is corresponding to the precipitation of an I-phase in the Pd content above 2 at%. Although the exothermic reaction has a single peak in the 1 at%Pd alloy, the peak is broader than that of the Pd-free alloy and the fcc-Zr 2 Ni and I-phases precipitate simultaneously at the initial crystallization stage. Considering that the onset temperature of the first exothermic reaction decreases with increasing Pd content, it is suggested that the nucleation is enhanced by Pd addition. The authors have reported that the grain size of the I-phase decreases significantly as Pd content increases in the glassy alloy. 25) It is recognized as a significant increase in nucleation rate of the I-phase with an increase of Pd content. We have also reported the effect of addition of noble metals such as Ag and Pd on the nucleation and grain growth of the I-phase in the Zr-based glassy alloys. 26, 27) The nucleation rate increases significantly from 10 16 
.9±0.3)×10
22 m −3 s −1 for x = 17.5. The nucleation rate of the I-phase at Pd = 5 at% is nearly equal to that of the I-phase in the Zr 69.5 Al 7.5 Ni 11 Cu 12 glassy alloy, which contains a large amount of oxygen impurity. 29) It is therefore, concluded that the significant increase in the homogeneous nucleation rate by addition of a small amount of Pd leads to precipitation of an I-phase, which implies an introduction of icosahedral shortor medium-range ordered structures in the glassy state of the Zr-Al-Ni-Cu alloy. It is also suggested that the significant increase in the homogeneous nucleation rate occurs by addition of other elements as well as noble metal, which have a weak or positive affinity with one of the constituent elements in the Zr-Al-Ni-Cu glassy alloy.
Finally, it is important to concern the possibility of the drastic change of local structure in the glassy state by addition of noble metal in Zr-Al-Ni-Cu alloy. 2 Ni and I-phases have a similar Pd content and the precipitates consisting of the two phases are isolated each other at the initial crystallization stage, it implies that the local structure does not change by addition of 1 at%Pd. Therefore, it is realized that the I-phase can be formed without a significant local structural change by addition of Pd into the Zr-Al-Ni-Cu glassy alloy.
Structural correlation between fcc-Zr 2 Ni and I-
phases By the investigation on the change in the nucleation behavior of the I-phase with Pd content, we obtained the conclusion that Pd plays an important role in an increase in the nucleation rate of the primary phase. Although the mechanism for the I-phase formation seems to be not simple in spite of the present results, we can point out that the I-phase formation is attributed to an increase in the nucleation rate. Moreover, the novel local structure in the glassy state of the Zr-Al-NiCu alloy is recognized as one of the important factors for the precipitation of the I-phase. The structural analyses in the Zr 65 Al 7.5 Ni 10 Cu 17.5 glassy alloy indicate that the fcc Zr 2 Ni phase precipitates as a primary phase. The primary phase changes from the fcc Zr 2 Ni phase to the I-phase by adding a small amount of Pd. As discussed in 4.1., the local structure does not change drastically by a small amount of Pd addition. This is also supported from the microstructure analysis of the fcc Zr 2 Ni and I-phases in the Zr 65 Al 7.5 Ni 10 Cu 16.5 Pd 1 glassy alloy, where both the phases precipitate in the completely isolated state each other. This result suggests that the fcc Zr 2 Ni and I-phases are originated from the same local structure in the glassy state. Figure 13(a) shows a schematic drawing of the unit cell of the fcc Zr 2 Ni structure. 30) This crystalline structure, which is sometimes called a big-cube phase, has a large lattice constant of 1.227 nm and contains 64Zr and 32Ni atoms. The structure consisted of icosahedral clusters of Zr and Ni atoms. As an example, two icosahedral clusters around Zr and Ni are picked up from the unit cell in Fig. 13(b) . Considering that the fcc Zr 2 Ni and I-phases contain an icosahedron in the unit cell, 31, 32) we can point out that an icosahedral short-or medium-range order exists in the Zr-Al-Ni-Cu glassy alloy, which can grow as an icosahedral quasicrystalline phase under high nucleation rate by a small amount of Pd addition. It is presumed that the Pd is effective for the enhancement for the distortion of the icosahedron in the unit cell of fcc Zr 2 Ni structure, which is also one of the factors for the precipitation of I-phase by adding Pd in the Zr-Al-Ni-Cu glassy alloy.
Based on the previously reported experimental data for Zrbased glassy alloys, 33) it has been clarified that the glassy alloys can have (a) higher degrees of dense randomly packed atomic configurations, (b) new local atomic configurations, which are different from those of the corresponding final crystalline phases, and (c) homogeneous atomic configurations of the multicomponents on a long-range scale. Assuming the existence of an icosahedral short-or medium-range or- der, it satisfies the above-described criteria. It is therefore, pointed out that the icosahedral short-or medium-range order may stabilize the glassy state in the Zr-Al-Ni-Cu glassy alloy where the icosahedral order restraints the long-range rearrangements of constitutional atoms to form the ordinary crystalline phases. Finally, it is interpreted that the mechanism for the I-phase precipitation by addition of other noble metals and elements is the same as that by addition of Pd in the Zr-based glassy alloy.
Observation of the local structure in the glassy state
In order to examine an icosahedral order in the glassy state, we performed HREM observation for the as-quenched glassy alloy. Figure 14 shows HREM image (a) and SADP (b) of the Zr 70 Al 7.5 Ni 10 Cu 12.5 glassy alloy. The SADP consists of only a halo ring, indicating a glassy structure. It is found that the image has some features of local regions in the asquenched sample, which are circled in Fig. 14(a) . The size of the encircled local regions is below 2 nm. We could not obtain any NBD patterns except a halo ring from the encircled local region with the extremely small size. The encircled local regions have a similar feature as those in the dense random packed (DRP) structure in the glassy alloy. However, the size of the region is considerably larger than that in the DRP structure, indicating a possibility of the local ordered region. 15) in which the I-phase is also formed in the annealed state. They suggest that the local region is recognized as the ordered structure, which is indicative of icosahedral short-or medium-range order. Moreover, a similar structure has been reported in the simulation result where the icosahedral short-range order is assumed to exist in the glassy state. 34) Very recently, similar local ordered regions are confirmed in the quasicrystalforming Zr 70 Pd 30 glassy alloy. 35, 36) Since the NBD pattern taken from them reveals the fivefold symmetry, it is clarified that the local ordered region has the icosahedral structure. 37) It may be therefore, thought that the local region observed in the as-quenched Zr 70 Al 7.5 Ni 10 Cu 12.5 glassy alloy is realized as an icosahedral short-or medium-range order. 
Investigation of stability of supercooled liquid state in Zr-based alloy
It is well known that high GFA is attributed to a high stability of the supercooled liquid state. 38) We obtain the conclusions that the icosahedral short-or medium-range order exists in the glassy state and it retards the rearrangement of the constitutional elements for crystallization, leading to the appearance of high GFA in the Zr-based alloys. It is, therefore suggested that the icosahedral short-or medium-range order stabilizes the supercooled liquid state. It is very important to clarify the origin of the atomic pair for the appearance of the stable supercooled liquid state in the Zr-based alloys. In the Zr-based alloy systems, the Zr-Cu binary alloy exhibits a distinct glass transition in the wide compositional range, 39) implying the existence of the novel local structure with an icosahedral atomic configuration. Several studies on the I-phase formation by a comparatively large amount of addition of 7 to 20 at%Pd, Pt, Ir or Rh in the Zr-Cu glassy alloy have been reported. [40] [41] [42] [43] These results are consistent with the suggestion of the existence of icosahedral short-or medium-range order in the Zr-Cu glassy alloy. For further confirmation of the existence of the icosahedral short-or medium-range order, change in the phase transformation behavior by substituting Pd, Au or Pt for 1 at%Cu in the Zr 70 Cu 30 glassy alloy is examined. Figures 15 and 16 show DSC curves of the Zr 70 Cu 30 and Zr 70 Cu 29 (Pd, Au or Pt) 1 melt-spun ribbons and XRD patterns of the samples annealed for 120 s at the temperatures between 620 and 655 K, respectively. The single sharp exothermic reaction is observed after the significant glass transition in the Zr 70 Cu 30 alloy in Fig. 15 . The onset temperatures of glass transition, T g and the exothermic peak, T x are 627 K and 676 K, respectively. It is observed that the exothermic peak is clearly separated by addition of 1 at%Pd, Au or Pt with remaining the glass transition. The separation of the exothermic peak in the Au-and Pt-containing alloys is more distinct than that in the Pd-containing alloy. In the XRD patterns, very sharp diffraction peaks are observed and all of them are identified as the Zr 2 Cu phase in the Zr 70 Cu 30 glassy alloy. Meanwhile, it is found that the diffraction peaks in addition to the halo peak in the Zr 70 Cu 29 (Pd, Au or Pt) 1 Pd, Au and Pt) 1 glassy alloys. It has been also reported that the Zr-Ni binary amorphous alloys are formed in a wide compositional range. However, no obvious glass transition is seen in the binary alloys. 1) We have compared the transformation behavior of Zr 70 Ni 30 (Pd, Au and Pt) 1 glassy alloys, we can realize the correlation between the appearance of the supercooled liquid state before crystallization and the formation of fcc Zr 2 Ni or I-phase as a primary phase. Therefore, it is concluded that the icosahedral short-or medium-range order exists in the Zr-Cu binary glassy alloy and stabilizes the supercooled liquid state by retarding the atomic rearrangements for the formation of stable crystalline phase.
Conclusions
The factor for the stabilization of the supercooled liquid state in the Zr-based glassy alloys is investigated on the basis of the examination of transformation behavior from the glassy
